INTRODUCTION
Adhesively bonded components and structures are widely used in many critical aerospace applications. Several techniques have been developed to evaluate the integrity of adhesive bonds nondestructively. Most of the techniques rely on the ability to correlate the bond integrity to the behavior of the bondline region to elastic wave propagation. Testing for the relative rigidity between the adherend and adhesive layer at the bond interface will yield reliable information of the bond integrity. This can be achieved by either applying stress in the bondline region externally, or be induced internally.
Dependence of acoustic velocity on the elastic constants and density is well known [1] . The elasticity and the density are influenced by temperature as well as by stress. In an adhesively bonded component, the bondline region is constituted by adherends and adhesive. When the bondline region experiences a force, either by way of external means or by being induced internally, the stresses get distributed on the surfaces of the adherends and the adhesive. The stress distribution in the surface of the adherend, due to the presence of the adhesive layer, is influenced by the soundness of the adhesion between the adhesive and the adherend. Therefore, the measurement of acoustic velocity, the time-of-flight or the phase change along the bondline can be used to assess the bond quality.
The application of stress at an adhesive bond interface alters the status of residual stresses in the bonded region; the change in the residual stress is dependent on the nature of the adhesive bond. The type of residual stresses and their distribution are dependent on the relative rigidity of the adherend and adhesive. The present work discusses the influences of stress on the measured acoustic parameters. In this respect an evaluation of the bond integrity was based on the changes in the acoustic properties in the bondline, as the samples were stressed or were subjected to temperature changes.
EXPERIMENTAL SETUP
Measurements of acoustic properties were carried out on test samples while known amounts of loads were applied along the bond interface. Two types of loading were employed, viz., uniaxial (tensile and compressive) and biaxial (shear). Shear loading was carried out on test samples of the type given in figure la. Tensile and compressive loadings were applied on test samples of the type given in figure lb.
Shear loading: The test specimen was fabricated from two steel plates, each 20 mm thick. The steel plates were bonded together with an epoxy adhesive on an area of 100 mm x 100 mm. Bond quality was varied by contaminating the surface of the steel with a thin layer of silicone oil, prior to the application of adhesive. Surface waves at I Mhz were transmitted along the bondline from one edge of the bond and were received at the other edge of the bondline region. A pair of variable angle probes was used for generating and receiving the surface waves. The probes were mounted together using a bridge-fixture. The bridgefixture was fmnly mounted to the larger steel plate in order to maintain consistent and stable distances between the two probes during successive tests. Acoustical properties are temperature sensitive [2] and therefore, an oven consisting of an aluminum shell, was used to enclose the test sample during the measurements. The use of an oven enabled control and maintenance of temperature to better than 0.0 10C.
Influences of shear loads on the time-of-flight were studied with the test specimen loaded in a universal tensile testing machine (MTS 810). Simultaneous acquisitions of mechanical data, temperature and acoustic data were carried out through a computer controlled data acquisition system [2] .
Tensile-compressive Loading: Test samples of the type shown in figure lb were fabricated to study the influences of tensile and compressive stress on the acoustic properties [3] . Measurements of acoustic properties were carried out while known amounts of tensile and compressive loads were applied to the test sample. The test setup was enclosed in a temperature controlled oven and the temperature was maintained to be stable at better than O.OloC.
RESULTS AND DISCUSSION
Influence of temperature: The parameters such as elasticity, density and linear dimensions that contribute to the changes in the time-of-travel of sound in materials, are all temperature sensitive. As a result, the time-of-flight was observed to be temperature dependent in adhesively bonded test samples. The contributing factors for such changes in the adhesively bonded samples are due to two important factors, namely [2] : i) that the materials associated with the bondline region themselves have a definite temperature coefficient of velocity and ii) that the stresses are created in the adherend-adhesive interface due to the differences in the temperature coefficients of the linear expansion of these two materials.
Shear Stress: Bonded test samples were subjected to a gradual shear load increase at the bond-interface as the acoustic properties were measured. Changes in the time-of-flight were observed with applied stress; the degree of change depended on several factors including the magnitude of the stress and the orientation of the stress with respect to the direction of propagation of sound wave [4] . The status of the bond such as the uniformity of the adhesive coating and the effectiveness of the adherence contribute to local distributions of stresses in the adhesive and the steel plate. The stress will also vary depending on the local temperature variations. During loading, the plastic deformation and the stress relaxation [5] in the adhesive layer will result in a temperature rise. All these factors contribute to the changes in the measured time-of-flight. Figure 2 shows a typical variation of time-of-flight as shear stress is applied at the bondline. Due to the complexity of the situation, no two test samples exhibited identical behavior on loading. However, from the manner in which most of the test samples performed, their behavior could be classified into three distinct stages.
Stage 1: Increase in shear stress will cause an increase in the time-of-flight [2, 4] . Application of shear load thus increases the time-of-flight. The increase is aided by the rise in the temperature encountered at the bond interface; the temperature rise is due to the relaxation of the adhesive materials during loading.
Stage 2: The temperature increase due to the process of relaxation [5] of adhesives, causes relief of internal and residual stresses in the adhesive layer. This phenomenon depends on the mobility of the adhesive materials. Because of this phenomenon, the time-offlight undergoes a reduction with time in spite of the fact that the applied load is kept constant. Therefore, this process is strain-rate sensitive.
Stage 3: As loading continues, some of the less effective adherent regions give away; this results in the concentration of higher stresses in the well-bonded regions. When the rate of stress is kept constant, the temperature rises at relatively higher rate and this results in a rapid increase in the time-of-flight. This process proceeds until final fracture occurs. Figure 3 shows the results obtained while loading in steps. Each load level was maintained for about 80 seconds during which about five measurements were taken. The adhesive layer is under stress and it undergoes a process of relaxation and consequently it resluts in the rise of temperature. It was observed that at each maintained load, the time-of- Increase uring load arrest lime (5) Figure 3 Time-of-flight measured in test specimens while subjected to a step-wise increase in shear load. a) poor bond b) good bond. flight increased steadily. This process takes place during stage I. In contrast, stage II, is marked by a decrease in the time-of-flight with time, as the load is maintained at a constant level. During stage II the mobility of adhesive molecules increase, which results in the relief of the internal stresses. During stage III the time-of-flight again increases as the load is held constant. This phenomenon is attributed to the fact that the rate at which the true stress increases rises more rapidly, since the effective adherend area decreases.
In test samples with poor bonds, the onset of stage II occurs at lower load levels. However, in test samples with good bonds, it takes place at relatively higher load levels.
Uniaxial Load: The second set of experiments involved testing adhesively bonded test samples with tensile and compressive loads at the bond interface (figure Ib). Acoustic measurements were carried out using a compressional wave transducer in pulse-echo mode at 5 Mhz and at 15 Mhz respectively. The influences of the external loads on the time-of-flight in the interface were studied. The tensile force at the interface was observed to increase the time-of-flight [3] . Also an increase in the temperature caused a decrease in the time-of-flight. Figure 4 shows the test results obtained on a steel-epoxy-steel test sample, under compressive loads. The load levels were increased in steps; at each load level about five measurements were made at about 10 seconds intervals. The instantaneous temperature measured within the adhesive layer is shown in the figure.
In order to measure the instantaneous temperature in the adhesive layer, enameled copper wires were embedded within the adhesive layer and its resistance was measured in a Figure 4 Phase change and temperature measured at the bond interface while the test specimen was subjected to a step-wise increase in compressive load.
four-probe mode. From the well-known correlation of temperature and resistivity of the copper material, the temperature could be computed. The copper wire was about 50 ~ in diameter, which was thin enough such that the heat flow situation in the adhesive layer was not disturbed.
In the initial stages of loading the phase change at the interface was observed to decrease with an increase in compressive loading, due to the influence of stress. At intermediate load levels, the adhesive layer was observed to undergo stress relaxation, and as a result a temperature increase was noticed (figure 4). On the application of a compressive load, the phase change at the interface decreased due to the effect of stress. In addition to that, the compressive force reduces the thickness of adhesive layer at the interface and also increases the density of the adhesive layer. An increase of temperature will increase the mobility of the adhesive molecules, and aid the process of thickness reduction. As a result of these factors, a steep decrease in the time-of-flight is observed in the intermediate stages of loading. At higher load levels a temperature increase aids free mobility of the adhesive molecules and therefore, the phase change increases gradually at each load level. At still higher load levels the adhesive bonds fail totally and no further increase in temperature is observed. At this point, the temperature decreases slowly due to the dissipation of heat.
The behavior of the phase change with changes in the load level to some extent, can give information about the type of failure taking place in the bond interface. No two samples gave identical results; however, two types of stress dependency is depicted in figure 5 . The figures show the influence of tensile stress on the phase change at the bond interface. An adhesive bond is composed of two adherends bonded together with a layer of adhesive. The bond fails when the adhesive gives up its adherence to either of its sides. The status of the bond depends on how well the bond was prepared. The failure will be either evenly distributed on either of the adherend surfaces or be selectively taking place on one of the adhered surfaces. The measured acoustic properties are accordingly influenced, depending upon whether the adherence is lost in the nearer side or in the farther side with respect to the measuring probe. Apart from this the rate of loading also will, to some degree, influences the type of failure. Figure Sa shows a case with the rate of loading at about 24 N/s. The adhesive fails in a distributed fashion on both the adherends as depicted in figure 5a. As the tensile load is increased, the phase angle increases at low load levels. At intermediate load levels, the degree of increase gets reduced due to the stress relaxation phenomenon. At higher stresses, the slope increases steeply until the final fracture occurs due to the stress concentration at the adhering regions.
Figure 5b depicts a case of an abrupt failure at the nearer side of the adhesive. The rate of loading was at about 11 N/s. The phase angle increases uniformly until the final fracture occurs. The rate of loading was lower allowing more time for the heat to get dissipated in the surroundings. Figure 6a and 6b show the effect of the applied stress on the acoustic properties. The phase change at the interface is influenced by the load level. In the plot between the applied force and the phase change encountered at the interface, the slope of the curve is given by Ft, where Ft = (dt/dp) where, t = time-of-travel and p = stress (1) In good quality bonds, the adhesive interface encounters a state of residual stress. When a small load is applied under steady state condition, there is a change in the phase of the reflected sound wave at the bond interface. Load level influences the phase change at the interface. The change is greater when there is a restraint to the free movement of particles at the bond interface. This phenomenon is reflected in the observed difference in the slope of the load vs phase angle plots of good and poor bonds (figure 6a). Figure 6b shows the amplitude variations with extemalloads in the cases of good and poor bonds.
Since the Ft is sensitive to the lateral stresses in the bondline interface, the measurement of the bond quality parameter can be employed to reveal the status of the adhesive bonds more effectively.
As the test sample is subjected to cyclic loading of compression and tension, the parameter, Ft decreases, as result of the deterioration of the bond in the interface. The deterioration is more pronounced in a good bond, than in a poor bond. Figure 7 shows the degree of deterioration in the case of good bonds, poor bonds and in plain steel. Force (kN) Force (kN) Figure 6 Influence of load on the phase change and amplitude for good and poor bonds.
SUMMARY AND CONCLUSION
Measurements of acoustic properties were carried out while applying external stresses in order to understand the behavior of the adhesive layers to stresses. Experiments were carried out with shear, tensile and compressive loading. The acoustic properties were shown to be influenced by externally applied stresses. With reference to the NDE of adhesive bonds, a kissing bond was found not to able to sustain lateral stresses, while a good bond could. Therefore, measuring the stress sensitive acoustic properties gave useful information regarding the status of the bond.
1. The application of stress at an adhesively bonded interface alters the status of residual stresses in the bonded region. At sufficiently high stress levels, the adhesive materials undergoes stress relaxation which will increase the temperature. This temperature increase was reflected in the measured time-of-flight 2. A copper resistance thermometer was embedded within the adhesive layer in order to measure the instantaneous temperature of the adhesive layer as loading was applied. The temperature measurement helped with the understanding of the physical phenomena taking place in the adhesive layer, while external stresses were applied.
3. The change in residual stresses, as external loads were applied, was observed to be dependent on the nature of the adhesive bond The type of residual stresses and their distribution are dependent on the relative rigidity of the adherend and adhesive.
4. The stress coefficient of the time-of-flight, Ft was observed to be influenced by the quality of the adhesive bonds.
5.
As the tensile test sample was subjected to cyclic loading, it was observed that the stress coefficient of the time-of-flight, Ft decreased. The amount of decrease was shown to be greater in good bond than it was in poor bonds.
6. As the adhesively bonded regions are stressed externally, the adhesives behave as visco-elastic materials. With each cycle of loading and unloading, adhesives undergo a small degree of permanent rearrangement in order to relieve stress. The degree to which the rearrangement takes place depends on the factors such as time, temperature and the mobility of the adhesive molecules.
